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Lyophilized  Plasma  for  Resuscitation 
in  a  Swine  Model  of  Severe  Injury 
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Hypothesis:  Lyophilized  plasma  (LP)  is  as  safe  and  ef¬ 
fective  as  fresh  frozen  plasma  (FFP)  for  resuscitation  af¬ 
ter  severe  trauma. 

Design:  Multicenter  animal  study. 

Setting:  Animal  laboratories,  2  level  1  trauma  centers. 

Participants:  Thirty-two  Yorkshire  crossbred  swine. 

Interventions:  Lyophilized  plasma  was  analyzed  for  fac¬ 
tor  levels  and  clotting  activity  before  lyophilization  and 
after  reconstitution.  Swine  were  subjected  to  complex  mul¬ 
tiple  trauma  including  extremity  fracture,  hemorrhage, 
severe  liver  injury,  acidosis,  and  hypothermia.  They  were 
then  resuscitated  with  FFP,  LP,  FFP  and  packed  red  blood 
cells  (PRBCs)  in  a  ratio  of  1:1,  or  1:1  LP  and  PRBCs. 

Main  Outcome  Measures:  Residual  clotting  activity 
of  LP  after  reconstitution,  swine  mortality,  hemody¬ 
namic  measures,  total  blood  loss,  coagulation  profiles, 
and  inflammatory  measures. 


Results:  Lyophilization  decreased  clotting  factor  activ¬ 
ity  by  an  average  of  14%.  Survival  and  heart  rate  were  simi¬ 
lar  between  all  groups.  Swine  resuscitated  with  LP  had 
equivalent  or  higher  mean  arterial  pressures.  Swine  treated 
with  LP  had  similar  coagulation  profiles,  plasma  lactate 
levels,  and  postinjury  blood  loss  compared  with  those 
treated  with  FFP.  Swine  treated  with  1 : 1  FFP-PRBCs  were 
similar  to  those  treated  with  1:1  LP-PRBCs.  Resuscitation 
with  LP  resulted  in  a  reduction  in  postresuscitation  inter¬ 
leukin  6  expression  compared  with  resuscitation  with  FFP. 

Conclusions:  The  process  of  lyophilization  and  recon¬ 
stitution  of  plasma  reduces  coagulation  factor  activity  by 
14%,  without  acute  differences  in  blood  loss.  Lyophi¬ 
lized  plasma  can  be  used  for  resuscitation  in  a  severe  mul¬ 
tiple  trauma  and  hemorrhagic  shock  swine  model  with 
efficacy  equal  to  that  of  FFP  and  with  decreased  inter¬ 
leukin  6  production. 
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TRAUMATIC  INJURY  IS  THE  LEAD- 
ing  cause  of  death  in  the 
United  States  for  persons  be¬ 
tween  the  ages  of  1  and  34 
years.1  As  a  mainstay  of 
trauma  care,  early  and  effective  hemostatic 
resuscitation  holds  great  potential  for  re¬ 
storing  lost  blood  volume,  restoring  tissue 
perfusion,  correcting  coagulopathy,  and  sav¬ 
ing  lives.  Optimal  methods  of  achieving 
these  goals  are  a  subject  of  ongoing  debate. 

Current  practices  call  for  an  initial  crys¬ 
talloid  infusion  followed  by  blood  prod¬ 
ucts  when  needed.  In  severely  injured  pa¬ 
tients,  hemorrhage  often  results  in  the  need 
to  transfuse  blood.  Recent  studies  in  se¬ 
verely  injured  patients  have  shown  that 
using  ratios  of  fresh  frozen  plasma  (FFP)  to 
packed  red  blood  cells  (PRBCs)  approach¬ 
ing  1:1  improves  mortality2"10  and  coagu¬ 
lopathy  in  massively  transfused  patients.11 

The  cumbersome  storage  requirements 
of  FFP  make  it  difficult  to  achieve  these  high 
ratios  in  many  centers.  Specifically,  FFP 
must  be  kept  frozen  until  just  before  use 
and  thawed  slowly  by  using  a  warm- water 
bath  or  specially  designed  microwave  oven. 
This  prevents  the  use  of  FFP  for  resuscita¬ 


tion  in  far-forward  combat  situations  and 
in  the  prehospital  setting,  and  limits  its  early 
use  in  many  civilian  centers.  Lyophilized 
plasma  (LP)  can  be  stored  at  room  tem¬ 
perature,  easily  transported,  and  quickly  re¬ 
constituted.  An  initial  study  of  LP  by  Shuja 
et  al12  showed  encouraging  results  with  the 
use  of  a  freeze-dried  form  of  plasma  for  re¬ 
suscitation.  The  present  study  takes  those 
initial  investigations  further  by  evaluating 
the  effects  of  the  lyophilization  process  on 
plasma  clotting  factor  levels,  by  adding  the 
antioxidant  ascorbic  acid  (vitamin  C)  to  the 
reconstitution  solution,  and  by  compar¬ 
ing  the  efficacy  of  LP  with  that  of  FFP  and 
that  of  plasma  and  PRBCs  in  a  1:1  ratio. 

We  hypothesized  that  the  lyophiliza- 
tion  process  followed  by  reconstitution 
would  result  in  a  minimal  decrease  in  clot¬ 
ting  factor  activity.  We  also  hypothesized 
that  lyophilized  plasma  would  have  effects 
on  physiology  and  coagulopathy  correc¬ 
tion  similar  to  those  of  FFP  in  a  severe  mul¬ 
tisystem  hemorrhagic  shock  swine  model. 
Finally,  because  of  the  addition  of  ascorbic 
acid  in  the  reconstitution  fluid,  we  hypoth¬ 
esized  that  resuscitation  with  LP  would  sup¬ 
press  dysfunctional  inflammation. 
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Figure  1 .  Swine  model  of  severe  injury  and  hemorrhagic  shock.  3:1  ISCS 
indicates  isotonic  sodium  chloride  solution  at  a  volume  3  times  the 
controlled  hemorrhage  volume. 


METHODS 


PREPARATION  OF  PLASMA  FOR  LYOPHILIZATION 

All  experimental  procedures  were  done  in  accordance  with  the 
guidelines  of  the  Institutional  Animal  Care  and  Use  Committee 
at  Oregon  Health  and  Science  University  and  the  US  Army  Insti¬ 
tute  of  Surgical  Research.  Blood  products  used  in  the  study  were 
obtained  from  juvenile  Yorkshire  crossbred  swine.  With  the  use 
of  sterile  precautions,  a  cervical  cutdown  was  performed  and  the 
external  jugular  vein  was  cannula  ted  with  an  8F  introducer  (Ar¬ 
gon  Medical  Devices,  Athens,  Texas).  Animals  were  exsangui¬ 
nated  and  blood  was  collected  in  citrated  triple  blood  donation 
bags  (Teruflex;  Terumo  Medical  Corp,  Tokyo,  Japan).  Whole 
blood  was  centrifuged  at  5000g  for  9  minutes  at  4°C,  and  plasma 
was  removed  by  means  of  a  plasma  extractor  (Baxter  Health¬ 
care,  Deerfield,  Illinois).  Plasma  was  stored  at  -20°C  for  trans¬ 
port  to  a  laboratory  (HemCon  Medical  Technologies  Inc,  Port¬ 
land,  Oregon)  for  lyophilization.  Pooled,  sterile  LP  was  returned 
to  us  and  stored  at  room  temperature  for  up  to  1  month.  Imme¬ 
diately  before  use,  LP  was  reconstituted  to  its  original  volume 
with  sterile  water  containing  ascorbic  acid  for  pH  adjustment. 

PLASMA  CLOTTING 
FACTOR  LEVEL  MEASUREMENTS 

Samples  of  plasma  were  analyzed  for  levels  of  fibrinogen,  pro¬ 
tein  C,  and  antithrombin  III,  and  factors  II,  V,  VII,  VIII,  IX,  X, 
XI,  and  XII  by  means  of  a  coagulation  system  machine  (BCS;  Dade 
Behring  Inc,  Marburg,  Germany)  at  the  time  of  initial  plasma  prepa¬ 
ration  and  after  LP  was  fully  reconstituted.  Functional  clotting 
assays  for  partial  thromboplastin  time  (PTT)  and  prothrombin 
time  (PT)  were  performed  at  the  same  2  time  points. 

ANIMAL  MODEL 

The  swine  model  used  was  a  well-validated  model  of  severe  in¬ 
jury  and  hemorrhagic  shock  described  by  Cho  et  al13  (Figure  1 ) . 
Briefly,  32  juvenile  Yorkshire  crossbred  swine  (8  per  group)  un¬ 
derwent  anesthesia,  mechanical  ventilation,  and  placement  of  in¬ 
vasive  lines.  All  animals  underwent  femur  fracture  with  a  captive 
bolt  gun  (Karl  Schermer  Co,  Ettlinger,  Germany)  to  produce  a 
comminuted  long-bone  fracture  with  severe  overlying  soft- 
tissue  injury.  After  laparotomy,  animals  were  cooled  to  33°C  with 
intraperitoneal  isotonic  sodium  chloride  solution  and  under¬ 
went  controlled  hemorrhage  by  removal  of  60%  of  their  esti¬ 
mated  blood  volume  via  a  central  line  followed  by  30  minutes  of 
shock.  Animals  were  infused  with  isotonic  sodium  chloride  so¬ 
lution,  0.9%,  at  volumes  3  times  the  controlled  hemorrhage  vol¬ 
ume  to  induce  acidosis  and  coagulopathy.  To  mimic  operative 
rebleeding  and  to  produce  an  injury  allowing  measurement  of  blood 


Figure  2.  Clotting  factor  activity  and  coagulation  assays  comparing  the 
postreconstitution  value  with  the  prelyophilization  value.  Values  are 
expressed  as  means.  AT  indicates  antithrombin  III;  INR,  international 
normalized  ratio;  and  PTT,  partial  thromboplastin  time. 

loss  after  randomization  to  treatment,  animals  received  a  grade  V 
liver  injury  followed  by  30  seconds  of  uncontrolled  hemorrhage. 
After  the  uncontrolled  hemorrhage  period,  the  liver  was  packed 
tightly  with  laparotomy  sponges.  Swine  were  randomized  to  re¬ 
ceive  either  FFP,  LP,  FFP-PRBCs  in  a  1:1  ratio,  or  LP-PRBCs  in  a 
1 : 1  ratio  at  50  mL/min,  with  infusion  of  volumes  equal  to  the  blood 
removed  during  controlled  hemorrhage.  Resuscitation  was  initi¬ 
ated  at  the  time  of  the  liver  packing.  Animals  were  then  monitored 
for  4  hours  after  resuscitation  and  subsequently  chemically  killed. 

Hemodynamic  data  (heart  rate  and  blood  pressure)  were  re¬ 
corded  continuously  throughout  the  procedure.  Blood  loss  af¬ 
ter  liver  injury  was  carefully  recorded  with  the  use  of  pre¬ 
weighed  laparotomy  sponges  and  a  preweighed  suction  canister. 
Plasma  samples  were  tested  for  PT,  PTT,  and  lactate  at  base¬ 
line,  after  femur  fracture,  before  controlled  hemorrhage,  be¬ 
fore  liver  injury,  and  hourly  for  4  hours  after  resuscitation  with 
study  fluid.  To  quantify  levels  of  interleukin  6  (IL-6),  IL-8,  and 
tumor  necrosis  factor,  plasma  samples  were  collected  before 
liver  injury  and  2  and  4  hours  after  administration  of  study  flu¬ 
ids  and  quantified  by  commercially  available  enzyme-linked  im¬ 
munosorbent  assay  (R&D  Systems,  Minneapolis,  Minnesota). 

STATISTICAL  ANALYSIS 

Data  were  analyzed  with  SPSS  statistical  software,  version  16.0 
(SPSS  Inc,  Chicago,  Illinois).  Variables  were  assessed  for  nor¬ 
mal  distribution.  Normally  distributed  data  were  reported  as 
means  with  standard  deviations,  and  data  that  were  not  nor¬ 
mally  distributed  were  reported  as  medians  with  interquartile 
ranges.  Comparisons  between  groups  at  the  various  time  points 
were  analyzed  by  means  of  independent  t  tests  when  the  data 
were  normally  distributed  and  Kruskal- Wallis  tests  when  the  data 
were  not  normally  distributed.  Paired-samples  t  tests  were  used 
to  compare  same-group  samples  across  various  time  points.  Sig¬ 
nificance  was  denoted  at  P<  .05. 


RESULTS 


EFFECT  OF  LYOPHILIZATION 
ON  FACTOR  FUNCTION 

On  average,  clotting  factor  levels  were  decreased  to  84% 
of  their  prelyophilization  values  (Figure  2).  Com¬ 
pared  with  prelyophilization  values,  factor  V  retained  84% 
activity,  factor  VIII  retained  84%  activity,  factor  IX  re¬ 
tained  100%  activity,  and  antithrombin  III  retained  93% 
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Figure  3.  Total  blood  loss.  Values  are  expressed  as  mean  (SD).  FFP  indicates 
fresh  frozen  plasma;  LP,  lyophilized  plasma;  and  PRBCs,  packed  red  blood 
cells.  *LP-PRBC  group  less  than  FFP  group  (447  mL  vs  564  mL,  P=.03). 
fLP-PRBC  group  less  than  LP  group  (447  mL  vs  630  mL,  P=.004). 
ILP-PRBC  group  less  than  FFP-PRBC  group  (447  mL  vs  609  mL,  P=  .006). 


Figure  4.  Heart  rate.  Values  are  expressed  as  mean  (SD).  FFP  indicates  fresh 
frozen  plasma;  LP,  lyophilized  plasma;  and  PRBCs,  packed  red  blood  cells. 

P  values  were  not  significant  at  all  time  points  after  initiation  of  resuscitation. 


activity.  The  international  normalized  ratio  was  pro¬ 
longed  by  9%  and  the  PTT  was  prolonged  by  13%  com¬ 
pared  with  prelyophilization  values. 

EFFECT  OF  DIFFERENT  RESUSCITATION 
REGIMENS  ON  OUTCOMES 

No  pigs  died  before  the  end  of  the  study  in  any  group.  The 
group  that  received  1 : 1  LP-PRBCs  had  significantly  less 
blood  loss  than  animals  in  other  groups  (Figure  3).  There 
was  no  difference  in  blood  loss  among  the  other  groups 
and  no  differences  between  the  4  resuscitation  groups  with 
respect  to  heart  rate  after  resuscitation  (Figure  4).  The 
mean  arterial  pressure  was  significantly  lower  at  various 
time  points  after  resuscitation  in  the  FFP  group  than  the 
other  3  groups  (Figure  5).  The  mean  arterial  pressure 
in  the  LP-PRBC  group  was  significantly  higher  than  that 
in  the  LP  group  at  3  hours  after  resuscitation. 

Lactate  levels  and  PT  were  similar  in  all  groups  at  all 
4  postresuscitation  time  points  (Figure  6  and  Figure  7). 
The  PTT  in  the  FFP  group  was  significantly  lower  than 
in  the  LP-PRBC  and  FFP-PRBC  groups  at  all  4  time  points 
after  resuscitation  (Figure  8).  The  PTT  in  the  LP  group 
was  significantly  lower  than  in  the  LP-PRBC  and  FFP- 
PRBC  groups  at  variable  time  points  after  resuscitation. 


Figure  5.  Mean  arterial  pressure  (MAP).  Values  are  expressed  as  mean  (SD). 
FFP  indicates  fresh  frozen  plasma;  LP,  lyophilized  plasma;  and  PRBCs, 
packed  red  blood  cells.  *LP  group  higher  than  FFP  group.  tLP-PRBC  group 
higher  than  FFP  group.  IFFP-PRBC  group  higher  than  FFP  group.  §LP-PRBC 
group  higher  than  LP  group.  (For  all  of  these  comparisons,  P<  .05.) 


Figure  6.  Plasma  lactate  levels.  Values  are  expressed  as  mean  (SD).  FFP 
indicates  fresh  frozen  plasma;  LP,  lyophilized  plasma;  and  PRBCs,  packed 
red  blood  cells.  Plasma  lactate  levels  were  similar  between  all  groups  at  all 
time  points  after  initiation  of  resuscitation.  To  convert  lactate  to  milligrams 
per  deciliter,  divide  by  0.111. 

There  were  no  significanL  differences  between  LP  and 
FFP  or  between  the  1 : 1  groups  with  respect  to  IL-8  and 
tumor  necrosis  factor  at  any  time  point  in  the  study.  The 
IL-6  levels  in  the  LP  group  were  significantly  less  than  in 
the  FFP-PRBC  group  at  2  hours  after  injury  and  signifi¬ 
cantly  less  than  in  the  FFP  group  at  4  hours  after  injury 
(Figure  9).  The  IL-6  levels  in  the  LP-PRBC  group  were 
significantly  less  than  in  the  FFP-PRBC  group  at  2  hours. 


COMMENT 


This  study  shows  that  the  lyophilization  process  results  in 
a  modest  reduction  in  clotting  factor  activity  in  vitro.  In¬ 
terestingly,  there  was  no  evidence  of  this  reduction  in  the 
in  vivo  animal  study.  The  study  also  shows  that  LP  is  as 
safe  and  effective  as  FFP  for  resuscitation  after  severe  mul¬ 
tisystem  injury. 

The  first  goal  of  this  study  was  to  characterize  the  effect 
of  lyophilization  and  reconstitution  of  the  plasma  on  co¬ 
agulation  factor  activity.  Variability  in  the  makeup  of  LP 
was  avoided  primarily  by  pooling  the  plasma  before  ly¬ 
ophilization.  On  average,  clotting  factors  were  decreased 
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Figure  7.  Prothrombin  time  (PT).  Values  are  expressed  as  mean  (SD).  FFP 
indicates  fresh  frozen  plasma;  LP,  lyophilized  plasma;  and  PRBCs,  packed 
red  blood  cells.  Prothrombin  time  was  similar  between  groups  at  all  time 
points  after  initiation  of  resuscitation. 


25 


□  FFP  111:1  FFP-PRBCs 

□  LP  ■  1:1  LP-PRBCs 


Preinjury  1  2  3 

Time  After  Initiation  of  Resuscitation,  h 


Figure  8.  Partial  thromboplastin  time  (PTT).  Values  are  expressed  as  mean 
(SD).  FFP  indicates  fresh  frozen  plasma;  LP,  lyophilized  plasma;  and  PRBCs, 
packed  red  blood  cells.  *FFP  group  lower  than  LP-PRBC  group.  fFFP  group 
lower  than  FFP-PRBC  group.  1LP  group  lower  than  LP-PRBC  group.  §LP 
group  lower  than  FFP-PRBC  group.  (For  all  comparisons,  P<  .05.) 

by  14%.  This  compares  favorably  with  the  standard  25% 
to  40%  reduction  caused  by  freezing  and  thawing  FFP.1413 
Industry  standards  for  assessing  the  quality  of  FFP  re¬ 
quire  the  thawed  FFP  to  maintain  factor  V,  factor  VIII,  and 
antithrombin  III  levels  of  at  least  70%. 14,15  Our  study  dem¬ 
onstrated  that  the  LP  retained  much  greater  than  the  re¬ 
quired  70%.  In  addition,  the  overall  14%  reduction  in  clot¬ 
ting  factor  levels  seemed  to  have  only  a  minor  effect  on  the 
functional  clotting  assays  for  PTT  and  PT.  Even  more  im¬ 
portant,  LP  was  at  least  as  effective  as  FFP  in  reversing  the 
coagulopathy  induced  in  the  animal  model;  in  all  animals 
PT  and  PTT  trended  back  toward  normal  after  resuscita¬ 
tion,  regardless  of  group.  The  finding  of  decreased  blood 
loss  in  the  group  that  received  a  1:1  ratio  of  LP-PRBCs  sug¬ 
gests  that  LP  has  an  interaction  with  red  blood  cells  that  is 
not  reflected  in  routine  coagulation  measures.  We  plan  to 
better  characterize  this  interaction  in  future  studies. 

Multiple  studies  have  shown  a  correlation  between  el¬ 
evated  lactate  levels  and  development  of  complications  af¬ 
ter  trauma.16'18  In  our  study,  the  groups  had  similar  base- 


Figure  9.  Interleukin  6  (IL-6).  Values  are  expressed  as  medians  with 
interquartile  ranges.  FFP  indicates  fresh  frozen  plasma;  LP,  lyophilized 
plasma;  and  PRBCs,  packed  red  blood  cells.  *LP  group  less  than  FFP-PRBC 
group  (P=.02).  fLP-PRBC  group  less  than  FFP-PRBC  group  (P=.009).  1LP 
group  less  than  FFP  group  (P=  .049). 

line  lactate  levels  (after  hemorrhage,  shock,  and  acidosis) 
and  the  levels  decreased  and  remained  similar  through¬ 
out  the  remaining  4  hours  of  observation.  This  finding  sup¬ 
ports  the  concept  that  LP  is  as  effective  as  FLP  for  resus¬ 
citation.  Interestingly,  the  groups  resuscitated  with  a  pure 
plasma  product  (either  FLP  or  LP)  did  not  have  signifi- 
candy  higher  lactate  levels  than  the  groups  resuscitated  with 
1 : 1  ratios  despite  additional  oxygen-carrying  capacity  in 
those  groups. 

Although  this  model  is  multisystem,  well  validated,13 
and  representative  of  severe  trauma  and  hemorrhagic  shock, 
the  volumes  of  transfused  blood  are  not  proportionally 
equivalent  to  those  given  in  massive  transfusions.  The  great¬ 
est  benefits  from  transfusion  with  1 : 1  LFP-PRBCs  have  been 
seen  in  patients  who  received  massive  transfusions.2'10  In 
studies  of  patients  receiving  massive  transfusions,  the  mean 
amount  of  blood  received  in  24  hours  was  22  units  of 
PRBCs.3  The  absence  of  massive  transfusion  in  this  study 
may  explain  why  there  were  only  minimal  differences  be¬ 
tween  the  plasma  groups  and  the  1:1  ratio  groups. 

The  fact  that  resuscitation  with  LP  resulted  in  decreased 
expression  of  the  inflammatory  cytokine  IL-6  has  some  in¬ 
teresting  implications.  This  is,  to  our  knowledge,  the  first 
study  to  evaluate  the  effect  of  LP  on  posttraumatic  inflam¬ 
matory  cytokines.  Levels  of  IL-6, 1L-8,  and  tumor  necrosis 
factor  have  been  found  to  be  increased  after  trauma,  and  they 
are  predictors  of  death,19  systemic  inflammatory  response 
syndrome,20  injury  severity,21'23  and  multiorgan  dysfunction.24 
One  possible  explanation  for  the  blunted  IL-6  response  is 
that  ascorbic  acid  was  used  to  adjust  the  pH  of  the  LP  re¬ 
constitution  fluid.  Antioxidant  levels  are  rapidly  depleted 
in  critical  illness.23  Ascorbic  acid,  acting  as  an  antioxidant, 
has  been  shown  to  decrease  inflammatory  mediators,26  re¬ 
duce  mortality,27,28  and  reduce  multiorgan  failure.29 

The  combined  data  on  mortality,  blood  loss  after  liver 
injury,  coagulation  measures,  and  lactate  demonstrate  that 
LP  is  as  effective  as  LLP  for  resuscitation  after  severe  in¬ 
jury.  Lyophilized  plasma  performed  as  well  as  or  better 
than  FLP  in  all  of  the  foregoing  areas. 
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Potential  areas  of  concern  with  the  LP  include  its  ulti¬ 
mate  shelf  life,  its  performance  when  stored  at  extremes 
of  temperature,  and  its  potential  for  disease  transmission. 
These  important  areas  are  currently  under  investigation 
through  ongoing  evaluations  of  the  LP.  Its  shelf  life  ap¬ 
pears  to  be  quite  long;  preliminary  studies  demonstrated 
that  LP  retains  factor  activities  comparable  to  those  of 
thawed  plasma  when  stored  at  42°C  for  up  to  9  months. 
Stability  studies  for  a  phase  1  clinical  trial  are  currently  in 
progress.  The  reconstituted  product  also  appears  to  be  stable 
at  a  broad  range  of  temperatures.  An  initial  investigation 
showed  that  the  reconstituted  LP  demonstrated  a  stability 
profile  similar  to  that  of  thawed  FFP  for  up  to  4  hours  when 
stored  between  room  temperature  and  42°C  and  for  up  to 
5  days  when  stored  between  2°C  and  8°C. 

The  infectious  risk  of  LP  is  hypothesized  to  be  similar 
to  that  of  FFP.  Exact  determination  of  infectious  risk  has 
not  been  fully  characterized  because  all  human  studies  with 
LP  have  been  conducted  with  the  use  of  screened  donor 
plasma  purchased  from  a  licensed  blood  bank.  In  addi¬ 
tion,  because  some  viral  preparations  are  lyophilized  to  main¬ 
tain  stability,  it  is  unlikely  that  the  lyophilization  process 
alone  would  change  the  infectious  risk  of  the  product.  Treat¬ 
ment  of  LP  with  a  solvent  detergent  to  reduce  infectious 
risk  is  a  potential  option,  but  a  combination  of  a  loss  of  some 
coagulation  function  with  reports  of  thromboembolic  events 
and  deaths  following  transfusion  of  solvent  detergent- 
treated  plasma  has  resulted  in  the  withdrawal  of  solvent 
detergent-treated  plasma  from  the  US  market.30 

Although  our  swine  model  is  designed  as  a  surrogate  for 
human  injury  and  resuscitation,  the  applicability  of  our  study 
findings  to  human  situations  has  not  been  fully  evaluated. 
Initial  studies  comparing  factor  activities  and  coagulation 
assays  between  swine  LP  and  swine  FFP  have  demonstrated 
overall  similarity  to  human  LP  and  human  FFP.  The  species- 
specific  differences  in  factor  activities  will  require  ongoing 
investigation  to  ensure  full  safety  and  efficacy.  Our  future 
investigations  will  include  a  comprehensive  evaluation  of 
the  effects  of  the  lyophilization  process  on  coagulation  prop¬ 
erties  of  the  LP.  We  will  do  this  by  characterizing  the  coagu¬ 
lation  properties  of  freshly  prepared  plasma  and  compar¬ 
ing  them  with  the  properties  of  reconstituted  LP.  We  will 
also  perform  comprehensive  coagulation  evaluations  on  swine 
receiving  LP. 

The  findings  of  this  study  suggest  that  LP  has  great  prom¬ 
ise  as  a  resuscitation  fluid  in  the  combat  and  prehospital  set¬ 
tings  as  well  as  in  the  hospital.  The  2001  Fluid  Resuscita¬ 
tion  in  Combat  conference  in  Toronto ,  Ontario ,  Canada ,  with 
support  from  the  Office  of  Naval  Research,  described  the  ideal 
resuscitation  fluid  as  able  to  “provide  rapid  volume  expan¬ 
sion  with  restoration  of  tissue  perfusion  so  as  to  prevent  or 
delay  the  onset  of  hypovolemic  shock.”  In  addition,  the  fluid 
should  be  capable  of  “dampening  an  overzealous  immune 
response,”  and  “given  the  unique  .  .  .  medical  constraints 
of  the  far-forward  military  environment .  .  .  fluid  volume 
[should]  be  minimized.  ”31(pS10)  Fresh  frozen  plasma,  because 
of  the  strict  limitations  for  storage  and  preparation,  is  im¬ 
practical  in  satisfying  these  requirements.  In  light  of  the  fact 
that  lyophilized  plasma  can  be  stored  at  room  temperature, 
easily  transported,  and  quickly  reconstituted,  it  appears  to 
be  an  ideal  resuscitation  fluid  for  all  settings. 
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DISCUSSION 


David  Hoyt,  MD,  Orange,  California:  About  76  years  ago,  a  sur¬ 
geon  in  North  Carolina  separated  plasma  from  blood  and  dem¬ 
onstrated  it  could  resuscitate  a  civilian  stab  wound  to  the  heart. 
Plasma  dominated  World  War  II  resuscitation  because  it  could 
be  preserved  in  hostile  environments  and  offered  superiority  to 
crystalloid. 

This  began  a  long  debate  that  ultimately  led  to  the  reversal  of 
our  thinking  regarding  plasma  resuscitation.  During  the  interven¬ 
ing  7 5  years,  we  have  had  continued  discussion  about  the  best  way 
to  use  component  blood  therapy.  Following  Vietnam,  John  Col¬ 
lins  suggested  that  incremental  replacement  of  specific  deficits  with 
component  therapy  was  the  best  way  to  treat  posttraumatic  coag¬ 
ulopathy.  This  started  a  series  of  debates  that  intensified  over  the 
last  10  years  regarding  whether  to  give  platelets  first  or  FFP  first, 
and  whether  to  always  base  this  decision  on  a  laboratory  test. 

During  the  Iraq  conflict  and  the  use  of  an  infrastructure  sup¬ 
ported  by  the  Institute  for  Surgical  Research  to  study  early  resus¬ 
citation  by  Drs  Holcomb  and  Schreiber  and  many  others,  we  have 
learned  that  early  reconstitution  of  plasma  and  red  blood  cells 
toward  the  equivalent  of  whole  blood  is  superior  in  the  most  se¬ 
verely  injured  patients.  The  present  study  is  a  breakthrough  in 
the  availability  of  a  stable  source  of  FFP  that  can  be  reconsti¬ 
tuted  in  a  hostile  environment  or  during  routine  transfusion  with¬ 
out  the  delay  of  thawing. 

A  recent  consensus  conference  suggested  that  most  major  trauma 
centers  have  focused  on  the  need  to  reconstitute  red  blood  cells 
with  FFP  as  having  great  potential  to  save  lives.  Studies  proving 


this  are  in  the  process  of  design.  The  availability  of  a  product  that 
makes  this  easier  and  appears  equivalent  in  preclinical  models  is 
very  exciting.  These  studies  show  that  the  lyophilization  process 
decreases  clotting  activity  by  only  14%,  and  the  use  of  this  prod¬ 
uct  seems  to  be  equivalent  to  actual  FFP.  I  have  several  questions: 

1 .  In  the  manuscript,  you  suggest  that  the  shelf  life  of  this 
product  has  been  tested  to  1  month.  What  do  we  think  the  ul¬ 
timate  shelf  life  will  be? 

2.  You  report  loss  of  activity  of  14%  with  lyophilization. 
Would  this  be  similar  with  human  plasma?  Are  there  data  to 
suggest  what  activity  loss  will  be?  Will  this  be  compatible  with 
translation  into  a  human  study? 

3.  Do  you  see  this  as  replacing  current  practice  with  FFP 
by  offering  a  manufactured  product  that  would  relieve  blood 
banks  from  the  freezing  and  thawing  logistical  problems?  If  so, 
is  this  going  to  be  expensive? 

4.  Finally,  does  the  processing  and  lyophilization  process 
reduce  the  infectious  risk  relative  to  FFP? 

This  is  an  important  study  and  will  provide  the  preclinical 
basis  for  a  clinical  trial. 

Dr  Schreiber:  Regarding  issues  of  half-life  and  functionality 
of  this  product  compared  with  human  plasma,  we  are  partner¬ 
ing  with  HemeCon,  which  is  an  industrial  organization,  to  de¬ 
velop  this  product  and  these  studies  are  currendy  being  done.  What 
has  been  found  with  the  human  product  is  essentially  the  same 
decrease  in  factor  activity — about  14%  to  16%  decrease  in  activ¬ 
ity  immediately  after  lyophilization,  but  after  that  the  product  sta¬ 
bilizes.  We  have  data  that  show  that  the  product  remains  the  same 
over  about  a  3-month  period,  and  we  don’t  know  how  long  this 
product  will  be  functional,  but  we  are  estimating  currently  that 
it  may  be  good  for  up  to  1  or  2  years  and  can  be  maintained  at 
room  temperature.  So  you  are  going  to  have  a  powder  you  can 
keep  anywhere,  including  on  an  ambulance,  in  Iraq  or  Afghani¬ 
stan,  and  you  just  put  a  little  water  in  it  and  you  have  some  plasma. 
It  seems  to  be  pretty  stable  for  long  periods  of  time. 

The  product  will  go  beyond  replacing  FFP  because  it  can  be 
made  better  than  FFP.  We  are  entering  into  the  next  phases  of 
our  study,  which  are  looking  at  3  primary  things.  The  first  is  how 
to  reconstitute  this  LP.  Currently  it  is  being  reconstituted  with 
water  that  contains  ascorbic  acid  to  its  original  volume.  One  of 
the  things  that  is  being  looked  at  is  reconstituting  it  with  less  vol¬ 
ume,  creating  hypertonic  plasma.  This  is  advantageous  for  sev¬ 
eral  reasons,  but  primarily,  in  the  military  all  of  the  fluid  that  is 
given  has  to  be  carried  on  the  backs  of  our  soldiers.  So  if  we  can 
reconstitute  this  material  with  less  volume,  it’s  going  to  be  even 
more  functional  than  it  currently  is  out  in  the  battlefield. 

The  second  thing  is  what  would  be  the  best  reconstitution  fluid. 
We  are  currently  using  water.  Maybe  we  should  use  hypertonic 
saline,  lactated  Ringer  solution,  normal  saline  [isotonic  sodium 
chloride  solution] ,  or  some  other  fluid,  and  we  can  make  it  bet¬ 
ter  than  the  original  product. 

And  finally,  we  can  add  whatever  we  want  to  this  product. 
Currently  it  has  ascorbic  acid  simply  to  correct  the  pH  of  the 
alkalotic  solution  when  it  is  reconstituted.  We  can  adjust  the 
amount  of  ascorbic  acid,  add  other  antioxidants,  and  make  it 
much  better  than  the  current  plasma,  and  the  results  that  show 
decreased  inflammation  are  very  promising. 

The  final  question  was  concerning  infectious  diseases.  Does 
the  lyophilization  process  prevent  transmission  of  viral  diseases? 
We  don’t  know.  It  may  not,  because  viruses  can  be  lyophilized 
and  still  maintain  their  function.  So  this  is  also  being  studied  by 
putting  viruses  into  the  plasma,  lyophilizing  it,  and  then  check¬ 
ing  for  viral  activity.  But  we  don’t  know  the  results  at  this  time. 
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